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The Drosophila bristle lineage is an excellent system in which to study how cell cycle and fate determination are synchronized in
invariant cell lineages. In this model, five different cells arise from a single precursor cell, pI, after four asymmetric cell divisions. Cell
diversity is achieved by the asymmetric segregation of cell determinants, such as Numb and Neuralized (Neur), resulting in differential
activation of the Notch (N) pathway. We show that down-regulation of Cdc2, by over-expressing Tribbles, Dwee1, and Dmyt1 (three
negative regulators of Cdc2) or by using thermo-sensitive Cdc2 mutant flies, delayed pI mitosis, and altered the polarity and the number of
subsequent cell divisions. These modifications were associated with a mother–daughter cell fate transformation as the pI cell acquired the
identity of the secondary precursor cell, pIIb. This type of change in cell identity only occurred when the N signaling pathway was inactive
since ectopic N signaling transformed pI to pIIa-progeny fate. These transformations in cell identity suggest that, although synchronized, cell
cycle and fate determination are independent phenomena in the bristle lineage.
D 2004 Elsevier Inc. All rights reserved.
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In Drosophila, the central nervous system is derived
from progenitor cells called neuroblasts (NBs). NBs
undergo repeated stem-cell-like asymmetric divisions each
resulting in a ganglion mother cell (GMC) and a NB with an
identity different to its mother NB (Brody and Odenwald,
2000; Isshiki et al., 2001). This process allows devel-
opmental identities of successive GMCs to be switched.
GMCs undergo one asymmetric division producing two
terminal neurones and/or glial cells whose identity depends
on the differential activation (on/off-state) of the N pathway.
Cell cycle and cell fate determination appear to be linked
differently in NBs and GMCs. In NBs, cell division is0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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during lineage formation (Isshiki et al., 2001). In contrast,
various studies on GMCs have shown that progression
through the cell cycle is not required for these cells to
differentiate. Indeed, when the cell cycle is arrested,
differentiation occurs and the GMCs acquire the identity
of the subsequent daughter cell that has the N pathway in an
off-state (Buescher et al., 1998; Lear et al., 1999; Wai et al.,
1999).
Cell divisions in the bristle (microchaete) lineage share
characteristics with both NBs and GMC divisions. In the
bristle lineage, five differentiated cells arise from a primary
precursor cell, pI (Gho et al., 1999; Reddy and Rodrigues,
1999). The asymmetric division of pI, in the plane of the
epithelium, gives rise to two secondary precursor cells, pIIb
and pIIa, located anteriorly and posteriorly respectively.
During this division, Numb and Neur segregate differ-
entially in the pIIb cell, resulting in the activation of the N
pathway in its sister cell, pIIa (Guo et al., 1996; Le Borgne276 (2004) 367–377
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pIIb, prior to pIIa and along the apico-basal axis, gives rise
to a tertiary precursor cell, pIIIb, and a sub-epithelial glial
cell that inherits Numb. This glial cell enters apoptosis soon
after birth (Fichelson and Gho, 2003). The division of pIIa,
in the plane of the epithelium, leads to the formation of two
terminal cells, the shaft and the socket cells. During this
division, Numb segregates into the anteriorly located shaft
cell. Finally, the division of pIIIb, following the apico-basal
axis, produces two post-mitotic cells, the neurone and the
sheath cell. Again, Numb is inherited by only one of the
two daughter cells which becomes the neurone. From this
description, it appears that the bristle lineage exhibits two
different types of divisions: (1) asymmetric terminal
divisions, similar to those observed in GMCs, which give
rise to post-mitotic cells (the case of pIIIb and pIIa cell
divisions) and (2) asymmetric divisions producing mitotic
precursor cells (the case of pI and pIIb cell divisions,
Fig. 1F), as observed in NBs lineages.
While substantial knowledge exists about bristle lineage
formation, little is known about how the acquisition of cell
identity and cell cycle are linked in this model system. To
address this question, we over-expressed negative cell cycle
regulators in the pI cell and its progeny. As pI is arrested in
the G2 phase of the cell cycle (Usui and Kimura, 1992), we
analyzed situations leading to the down-regulation of Cdc2,
the main kinase regulating the G2-M transition (Nurse,
1990). Precisely, we focused on Dwee1 and Dmyt1 (two
Cdc2 inhibitory kinases (Campbell et al., 1995; Cornwell et
al., 2002)) and Tribbles (Trbl), which induces the degrada-
tion of String (Grosshans and Wieschaus, 2000; Mata et al.,
2000) (Stg, the pro-mitotic Cdc25 phosphatase that activates
Cdc2 (Edgar and O’Farrell, 1989)).
Our results show that over-expressing Cdc2 inhibitors or
depleting Cdc2 leads to a mother–daughter cell fate trans-
formation. More precisely, the pI cell adopts the fate of its
daughter cell pIIb without the occurrence of a mitosis. Our
data further show that, under these conditions, cell trans-
formation toward a pIIb versus pIIa (or pIIa progeny) fate
depends on the levels of activation of the N pathway.
Altogether, our results reveal that, in the bristle lineage, the
cell cycle and fate determination are independent, a situation
reminiscent of that found in GMCs and opposite to that of
NBs.Materials and methods
Drosophila stocks
Specific over-expression in the pI cell and its progeny
was carried out using the neuralizedP72 GAL4-driver
(neurP72) (Bellaiche et al., 2001a; Brand and Perrimon,
1993). This transgene was used in combination with the
UAS-H2B-YFP (Bellaiche et al., 2001a) and UAS-PON-
GFP (Lu et al., 1999) lines for lineage analysis and with theUAS-Trbl (gift from S. Marygold), UAS-Dwee1, UAS-
Dmyt1 (gifts from S. Campbell) lines for modification of
cell cycle regulation. Activation of the N pathway was
carried out using the Hs-Nintra transgene (Lieber et al.,
1993); heat shocks were applied for 30 min at 378C using a
thermo-controlled chamber while performing live imaging.
The following mutant alleles were used: stgAR2, stg7B,
cdc2B47, and cdc2E1-E24 (Bloomington). The deadpan-lacZ
construct is described elsewhere (Emery and Bier, 1995).
Immunostaining
Dissected nota from pupae at 16–40 h APF were
processed as previously described (Gho et al., 1996).
Primary antibodies were mouse anti-Cut (2B10, DSHB,
1:500), rat anti-Drifter (gift from W. Johnson, 1:3000), rat
anti-ELAV (DSHB, 1:10), mouse anti-GFP (Roche,
1:1000), rabbit anti-Insc (gift from J. Knoblich, 1:1000),
rabbit anti-Miranda (gift from C. Gonzales 1:1000), rabbit
anti-Numb (gift from Y.N. Jan, 1:1000), rabbit anti-PDM1
(gift from T. Pre´at, 1:2000), rabbit anti-PON (gift from Y.N.
Jan 1:1000), mouse anti-Pros (gift from C. Doe, 1:4), rabbit
anti-Repo (gift from A. Travers, 1:500), rat anti-Su(H) (gift
from F. Schweisguth, 1:1000), rabbit anti-h-galactosidase
(Cappel, 1:5000). Alexa 488-, 568-, and 660-conjugated
secondary antibodies anti-mouse, anti-rat, anti-rabbit
(Molecular Probes) were used at 1:1000. Only sensory
clusters in medial rows were considered for statistical
analysis. Orientation and polarity of cell divisions were
measured as described in Gho and Schweisguth (1998).
Time-lapse confocal microscopy
Confocal in vivo imaging was carried out as previously
described (Gho et al., 1999). Images were acquired every 3
min on a Leica TCS confocal microscope at 258C. Time-
lapse movies were assembled using Metamorph (Universal
Imaging Corp.).Results
Over-expression of negative regulators of the G2-M
transition lead to a loss of bristle phenotype
When Dwee1 or Dmyt1 were over-expressed in the pI
cell and its progeny using the specific neurP72 GAL4-driver
(Bellaiche et al., 2001a), we obtained a modification in the
bristle pattern only when this over-expression was combined
with a stg heterozygous mutation. These flies showed severe
bristle loss compared to wild-type specimens (Figs. 1A, B
and data not shown). Over-expression of Trbl alone in pI led
to a more pronounced phenotype since bristles were
completely absent (Fig. 1C). In agreement with these
results, Price et al. (2002) showed that similar bristle losses
were obtained when Dwee1 was expressed earlier in
Fig. 1. Over-expression of negative regulators of the G2-M transition led to a loss of external sensory structures and to modifications of the bristle lineage. (A)
Scanning electron microscopy showing the thorax of a wild-type, (B) a UAS-Dwee1/+; neur p72/stgAR2 and (C) a UAS-Trbl/+; neur p72/+ fly. (D) Time-lapse
observation of a UAS-H2B-YFP/+; neur p72, UAS-PON-GFP/+ (wild-type) pupa and (E) of a UAS-Trbl/UAS-H2B-YFP; neur p72, UAS-PON-GFP/+ pupa.
H2B-YFP is in red, PON-GFP is in green. Arrowheads indicate nucleus fragmentation. Abbreviations: g, glial cell; n, neurone; st, sheath cell; so, socket cell; sf,
shaft cell. Time (h/min) APF is indicated at the bottom of each panel. Anterior is upwards and the view is dorsal. (F, G) Schematic representation of the wild
type bristle lineage and of the lineage observed under conditions of Cdc2 down-regulation, respectively. The crosses indicate nucleus fragmentation. Plot
showing the polarity of the pI cell division in control specimens (FV) and in Trbl over-expression experiments (GV). The arrows are directed towards the position
of the PON crescent and indicate the average deviation from the A/P axis. In D, E, FVand GV, the midline is on the right.
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in our study (using the apterous-GAL4, pannier-GAL4 or
scalloped-GAL4 drivers).
The loss of microchaetes is associated with striking
modifications of the bristle lineage
The bristle loss phenotype observed after over-expres-
sion of Cdc2-negative regulators might be due to an
impairment in the selection of primary precursor cells. We
ruled out this possibility since, in early pupae (16 h APF),
the number and distribution of pI cells was not affected, as
revealed by Cut-immunoreactivity (not shown). Further-
more, the pI fate of these cells was confirmed by the
expression of the proneural gene achaete (not shown) which
is specifically present in pI cells but not in the subsequent
cells in wild-type lineage (Parks et al., 1997).
In order to analyze whether the bristle loss is due to an
alteration of the bristle lineage, the pattern of cell divisions
in this lineage was studied by way of time-lapse imaging in
living pupae. The fusion proteins HistoneH2B-YFP (H2B-
YFP) (Bellaiche et al., 2001a) and Partner of Numb-GFP
(PON-GFP) (Lu et al., 1999) were used to label chromo-
somes in vivo and to illustrate cell division asymmetry,
respectively. Fig. 1D shows the relative timing of the four
divisions and their polarity in the control lineage. The pI cell
gave rise to two secondary precursors, pIIb and pIIa. The
division of pIIb led to the formation of the pIIIb cell and of
the glial cell which then underwent nuclear fragmentation
(arrowhead in Fig. 1D and see (Fichelson and Gho, 2003)).
pIIa division generated the socket and shaft cells while the
neurone and the sheath cell arose from the division of pIIIb.
When the G2-M transition was altered in the pI cell by the
over-expression of Trbl, this lineage was significantly
modified (Figs. 1E, G see also supplementary movies).
First, we observed only two cell divisions compared with
four in wild-type cells. The first mitosis, oriented in the
epithelial plane, gave rise to a large anterior cell and a small
posterior cell. The posterior cell quickly underwent nuclear
fragmentation (arrowhead in Fig. 1E). The large anterior cell
then divided once (also in the plane of the epithelium) and
the resulting sensory organs were thus composed of only
two cells. Second, the timing of cell divisions was also
strongly affected by Trbl over-expression. In the median
rows of sensory organs, the first division occurred on the
average 4 h later in mutant animals compared with controls
(21 F 1.2 h after puparium formation (APF) and 17.5 F
0.5 h APF in wild-type, n = 35). This was followed by the
second division 3 h later (3.2 F 0,8 h after the first division,
instead of 2.1 F 0.2 h in wild-type, n = 36). Finally, the
polarity of the first division was reversed compared to the
wild-type situation as PON-GFP segregated into the
posterior cell (Fig. 1E, compare GV to FV). This abnormal
division sequence was observed in 78% of the organs when
Trbl was over-expressed (n = 160). Similar results were
obtained in 56% of the organs when Dwee1 was over-expressed in a stg heterozygous background (n = 99). In
both genotypes, the remaining pI cells exhibited cell
lineages ranging from wild-type (less than 1% in Trbl
over-expression experiments and 12% in Dwee1 over-
expression experiments) to those approaching the described
lineage (Fig. 2).
Over-expression of negative regulators of the G2-M
transition leads to the formation of a pIIb sub-lineage
As mentioned above, over-expression of Trbl in pI results
in sensory organs comprised of only two cells, both arising
from a large anteriorly located cell. To determine the
identity of these terminal cells under conditions of Trbl
over-expression, we used specific molecular markers label-
ing the differentiated cells. At 26 h APF, one of the sensory
organ terminal cells stained positive for ELAV while the
other cell strongly expressed Prospero (Pros) thus indicating
a neuronal and a sheath identity, respectively (Gho et al.,
1999) (Figs. 3A, B). At this time, nuclear fragments,
revealed by H2B-YFP, were often observed next to these
two-cell organs (Fig. 3B, arrowhead). Earlier in develop-
ment, at 22 h APF, the small posterior cell produced after
the first division expressed low-levels of the glial cell
marker Repo before undergoing nuclear fragmentation (Fig.
3C). Thus, our data indicate that the first division produces a
small posterior glial cell which subsequently fragments and
an anterior precursor cell that divides and gives rise to a
neurone and a sheath cell. We speculate that this precursor
cell is analogous to the pIIIb cell in the control bristle
lineage. In support of this idea, we observed that the
precursor cell expressed h-Gal in the deadpan-lacZ line, a
marker that labels the pIIIb cell but not the glial cell in wild-
type flies (Gho et al., 1999) (Fig. 3D). Similar results were
observed after over-expression of Dwee1 in a stg hetero-
zygous background (not shown). Interestingly, apart from
the wild-type case, all modified lineages (99% of the
sensory organs in Trbl-over-expression and 88% in Dwee1
over-expression) were devoid of pIIa progeny (socket and
shaft cells) (Fig. 2). Taken together, our results show that
down-regulation of Cdc2 predominantly produces a lineage
similar to the wild-type pIIb sub-lineage (see Figs. 1F, G
and 2), strongly suggesting that the pI cell adopts a pIIb
identity before division.
The pI cell adopts a pIIb fate without an intervening mitosis
To test this hypothesis, we investigated whether pI
expresses certain pIIb markers such as Prospero (Pros)
and Inscuteable (Insc) during division. In the wild-type
lineage, during pIIb division, Pros forms a basal crescent
while Insc forms an apical crescent (Fig. 3F). Neither of
these markers were detected during pI division (Fig. 3E and
see (Roegiers et al., 2001)). When Trbl was over-expressed
in pI, both Pros and Insc were detected during the first
division, forming posterior and anterior crescents, respec-
Fig. 2. Schematic representation of the different types of lineages observed under conditions of Cdc2 down-regulation. The crosses indicate nucleus
fragmentation. The proportions of occurrence of each type of lineage in different genetic backgrounds are shown on the right.
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was over-expressed in a stg heterozygous background (not
shown). In addition to Pros, PON-GFP, PON (Lu et al.,
1998), Pros, Miranda (Shen et al., 1997), and Numb
segregated as posterior crescents during the first division
(Figs. 1E, 3G and data not shown). Our results clearly show
that over-expression of negative regulators of the G2-M
transition leads to the expression of pIIb specific markers in
pI which can be detected at 21 h APF. Unfortunately, as
these markers are undetectable prior to mitosis (in both pIIb
wild-type cells and in pI cells under over-expression
conditions), we are unable to determine the point in time
marking the onset of their expression.Depletion of Cdc2 leads to a similar mother–daughter cell
fate transformation
One must consider that the transformation of pI identity
could be due to a direct effect of Trbl, Dwee1 and Dmyt1 on
cell determination. However, the fact that over-expression of
Dwee1 or Dmyt1 does not produce a loss-of-bristle
phenotype unless combined with a stg heterozygous
mutation argues against this hypothesis. Rather, our data
suggest that the effect on cell determination is indirect and
involves the down-regulation of Cdc2 activity induced by
these negative regulators of the G2-M transition. To show
that Cdc2 activity is a key factor in this process, we used an
Fig. 3. Down-regulation of Cdc2 led to the transformation of the pI fate into that of the pIIb cell. (A) UAS-H2B-YFP/+; neur p72/+ (wild-type) fly, four
cells were visible at 26 h APF. (B) At the same time APF, only two cells were observed in UAS-Trbl/UAS-H2B-YFP; neur p72/+ flies, one was ELAV-
positive, the other was Pros positive. Nuclear fragments were also detected (arrowhead). YFP-expressing sensory cells in green (labeled with anti-GFP in
A–D), ELAV in red and Pros in blue. (C) UAS-Trbl/UAS-H2B-YFP; neur p72, UAS-PON-GFP/+ specimen at 22 h APF. YFP-expressing sensory cells are
in green, Repo in red. (D) UAS-Trbl/deadpan-lacZ; neur p72, UAS-PON-GFP/+ notum at 22 h APF. YFP-expressing sensory cells are in green, h-
galactosidase in red. (E–G) YFP-expressing sensory cells in blue, Insc is in red and Pros is in green. (E, F) H2B-YFP/+; neur p72/+ (wild-type) pupae at 17
h APF (E) and 19 h APF (F). In (F) the localization of the apical (Insc) and basal (Pros) crescents is misleading since the panel results from the merge of
10 horizontal optical sections. (G) UAS-Trbl/UAS-H2B-YFP; neur p72/+ notum at 21 h APF. Note that both Insc and Pros were detected at the single cell
stage. (H–K) cdc2B47/E1-E24 flies raised at a semi-restrictive temperature (268C). (H) Scanning electron microscopy showing the severe loss of bristles in
this mutant. (I) At 26 h APF, two-cell organs were observed. Sensory cells were stained with Cut (green) and ELAV (red), condensed nuclei (arrowhead)
or nuclear fragments were frequently observed next to these two-cell organs. (J) Sensory cells were labeled with Pros (green), Insc (red) and Drifter (blue).
At 20 h APF, during the first division, both Pros and Insc were detected. (K) Sensory cells were labeled with PON (green) and Cut (blue). PON segregated
posteriorly during the first division at 20 h APF. Anterior is upwards and the view is dorsal.
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ing a thermo-sensitive allele of cdc2 (cdc2E1-E24) over a null
allele of cdc2 (cdc2B47) (Stern et al., 1993). At a semi-
restrictive temperature (268C), trans-heterozygous flies
developed until the end of pupal life but failed to hatch.
These flies showed a severe loss of bristles (Fig. 3H). In
addition, at 26 h APF, about 50% of the sensory organs were
composed of only two cells, one strongly expressing ELAV
(Fig. 3I) and the other Pros (not shown). Moreover,
condensed nuclei or nuclear fragments were observed next
to these two-cell organs (Fig. 3I, arrowhead). These data are
reminiscent of those observed when Cdc2 activity was
down-regulated by over-expression of Trbl, Dwee1, and
Dmyt1 in pI cells.
We next determined whether Cdc2 depletion trans-
formed the identity of pI to that of pIIb. During the first
division, at 20 h APF, the pIIb markers Pros and Inscwere detected. In 57% of the cases studied, Pros formed
a posterior crescent and Insc formed an anterior crescent
(n = 60 and 37, respectively, Fig. 3J). Likewise, as seen
following over-expression of Trbl, Numb and PON were
localized posteriorly in 71 and 60% of the first divisions
(n = 55 and 32, respectively, Fig. 3K and data not
shown). It has previously been shown that during neuro-
blast division in the embryo, attenuating Cdc2 function
without blocking mitosis prevents the asymmetric local-
ization of cell determinants, presumably because more
Cdc2 is required for asymmetric cell divisions than for
symmetric cell divisions (Tio et al., 2001). This does not
seem to be the case in the bristle lineage since we
observed asymmetric segregation of cell determinants
under conditions where the depletion of Cdc2 was
sufficient to delay entry into mitosis. Taken together, our
data show that when Cdc2 is down-regulated, the identity
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mitosis (Fig. 5A).
Activation of the N pathway together with down-regulation
of Cdc2 leads to a transformation of the pI cell fate into that
of pIIa or pIIa-daughter cells
Considering that in the bristle lineage pI can give rise to
either pIIb or pIIa, why do we always observe the pIIb
identity following this cell identity transformation? Previous
studies have shown that the acquisition of the pIIa identity
requires the activation of the N pathway (Guo et al., 1996).
In wild type animals, N pathway activation in pIIa depends
mainly on N ligand signaling from the pIIb cell (Zeng et al.,
1998). Since the transformation of pI to pIIb occurs before
mitosis, the N pathway in the pI cell is unlikely to be
activated. We then undertook experiments to determine
whether pI could assume a pIIa identity, rather that of pIIb,
by forcing the activation of Notch while down-regulating
Cdc2. Continuous over-expression of Trbl together with
transient expression of an active form of the N receptor
(Nintra) at 19 h APF led to the formation of external sensory
structures, most of them composed of a shaft without a
socket at its base (Figs. 4A–B). In vivo observations of these
pupae revealed that pI could: (1) produce a pIIb sub-lineage
(16% of the pI analyzed), (2) produce a pIIa sub-lineage
(9%) or (3) not divide at all (69%, n = 90). When pI did not
divide, this cell expressed the socket and shaft cell marker
PDM1 but did not show socket-specific high expression of
Suppressor of Hairless (Su(H), compare Figs. 4C and 4D)
showing that pI cells adopted a shaft identity. These data are
consistent with the frequent absence of socket cells in the
adult notum. In addition, further expression of Nintra (via
two transient inductions at 19 and 22.5 h APF) combined
with Cdc2 down-regulation led to the formation of socket
cells (Figs. 4F–G). Moreover, in vivo analysis indicated that
these cells derived from non-dividing pI cells and co-
expressed PDM1 and high levels of Su(H) (Fig. 4E). These
data show that down-regulation of Cdc2 together with
activation of the N pathway leads to the conversion of the pI
cell to a pIIa daughter cell fate. Moreover, the choice
between socket versus shaft fate depends on the degree of
activation of the N pathway.Discussion
Our results shown that over-expressing negative regu-
lators of Cdc2 did not abolish pI cell division. Whether this
was due to a transient expression of the Gal4 driver or to a
compensatory mechanism that bypasses Cdc2 down-regu-
lation remains to be determined. Instead of cell division
arrest, we observed a delay of pI mitosis and a change in the
number and the polarity of subsequent cell divisions in the
bristle lineage. These effects were obtained using specific
over-expression of negative regulators of Cdc2 or usingthermo-sensitive cdc2 mutant flies. The analysis of the
expression pattern of fate-specific markers coupled with
direct observation of cell divisions in this modified lineage
revealed a direct mother–daughter cell fate transformation in
which the pI cell identity changed to that of the secondary
precursor cell, pIIb. The resulting pIIb cell however divided
along the plane of the epithelium, similarly to wild-type pI
cells. It has already been shown that ectopic expression of
Insc in pI cells is not sufficient to reorient the planar axis of
division but reverses the polarity of the Numb crescent
(Bellaiche et al., 2001b). The anterior crescent of Insc in the
transformed pI cell thus provides an explanation for the
posterior location of the Numb, PON, Pros, and Miranda
crescents. Our results show that the pI cell adopts a pIIb
identity, despite the fact that it divides in a planar fashion.
As control pIIb cells divide along an apico-basal axis, we
suggest that the orientation of cell divisions is not a reliable
marker of cell identity.
Precursor cell fate transformation occurs in absence of cell
cycle progression
Not only does the acquisition of pIIb identity not require
progression through mitosis but neither is pI cell fate
transformation associated with cell cycle progression. Thus,
in dissected nota incubated for 3 h in a BrdU-containing
culture medium, we never observed BrdU incorporation in
pI cells (not shown). These data suggest that the trans-
formation of G2-arrested pI cells to pIIb was not associated
with an ectopic S-phase. Cell cycle-independent trans-
formations of cell identity have been previously described
in asymmetric lineages of the Drosophila heart (Han and
Bodmer, 2003) and in certain GMCs (Buescher et al., 1998;
Lear et al., 1999; Wai et al., 1999).
Precursor cell fate transformation depends on the degree of
N pathway activation
The pI to pIIb transformation suggests that the N
signaling pathway is inactive in delayed pI cells, and
indeed, ectopic activation of N signaling results in the
reciprocal transformation from a pI to a pIIa-progeny fate.
The N signaling pathway is likely to be maintained in an
off-state due to the presence of Numb, and/or to the lack of a
N-ligand source (depending on whether N-ligands originate
directly from the lineage cells or not). Thus, according to the
degree of activation of the N pathway, Cdc2 down-
regulation leads either to lineages corresponding to the pIIb
sub-lineage (associated with a bald adult phenotype) or pIIa
sub-lineages, (associated with sensory organs composed
only of external structures).
In GMCs, as in our model, the new identity of the
transformed cell depends on the activation of the N pathway
(Buescher et al., 1998; Lear et al., 1999; Wai et al., 1999). In
particular, the fate acquired upon cell cycle arrest corre-
sponds to the phenotype of the cell in which the N pathway
Fig. 4. Activation of the N pathway together with down-regulation of Cdc2 led to transformation of the pI cell identity to that of pIIa or pIIa daughter cells.
(A) Thorax of a Hs-Nintra, UAS-H2B-YFP/UAS-Trbl; neur p72/+ fly after induction of Nintra at 19 h APF. The black square indicates the section enlarged in
(B). (B) Most bristles show no socket cell at their base. The arrowhead indicates a case where a socket cell is present. (C–E) YFP-expressing sensory cells in
green (labeled with anti-GFP), PDM-1 in red and Su(H) in blue. (C) UAS-H2B-YFP/+; neur p72/+ (wild-type) fly at 40 h APF. Both socket and shaft cells
express PDM1, only the socket cell expresses Su(H). (D) Hs-Nintra, UAS-H2B-YFP/UAS-Trbl; neur p72/+ fly at 40 h APF, after induction of Nintra at 19 h
APF. The primary precursor cell has not divided and expresses PDM1 but not Su(H). (E) Hs-Nintra, UAS-H2B-YFP/UAS-Trbl; neur p72/+ fly at 40 h APF,
after induction of Nintra at 19 h and at 22.5 h APF. The primary precursor cell has not divided and expresses PDM1 and high levels of Su(H). (F) Thorax of
a Hs-Nintra/UAS-Trbl; neur p72/+ fly after induction of Nintra at 19 h and at 22.5 h APF. The black square indicates the section enlarged in (G). (G) Single
socket cells are visible.
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conversion, transformation leads to the sibling fate. In our
case, the presence of external sensory structures in flies
over-expressing Trbl and Nintra is in agreement with a
transformation towards a pIIa (N-on) fate. However, we
observed that in most cases, the transformed cell does not
divide (which is unexpected for a pIIa cell) and differ-entiates directly into a shaft or a socket cell (Figs. 5B-D).
Recent reports have shown that, in follicle cells, the N
pathway negatively regulates cell cycle progression in
addition to its role in cell fate determination (Schaeffer et
al., 2004). This could explain why following over-expres-
sion of Notch together with down-regulation of Cdc2, pI
cells exit mitosis and remain undivided.
Fig. 5. The identity adopted by the pI cell upon Cdc2 down-regulation
depends on the activation of the N pathway (A) Cell lineage observed after
down-regulation of Cdc2 activity. The cross indicates the fragmentation of
the glial cell. The curved red arrow indicates the transformation of cell
identity without intervening mitosis (B) Cell lineage observed in 9% of the
cases after down-regulation of Cdc2 activity and activation of the N
pathway at 19 h APF. The black arrows indicate the induction of Nintra. (C)
Fate transformation observed in 69% of the cases after down-regulation of
Cdc2 activity and activation of the N pathway at 19 h APF. (D) Fate
transformation observed after down-regulation of Cdc2 activity and
activation of the N pathway at 19 h APF and 22.5 h APF.
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in the bristle lineage parallels the situation in GMCs as
opposed to NBs
Previous work in vertebrate and invertebrate NBs
lineages have shown that NBs acquire their terminal
(neuronal) fate when mitosis is experimentally arrested
(Harris and Hartenstein, 1991; Hartenstein and Posakony,
1990). Recent studies carried out in similar stem-cell like
lineages have revealed that acquisition of cell identity of
succeeding precursor cells depends on the completion of
mitosis (Isshiki et al., 2001; Ohnuma et al., 1999) see also
(Weigmann and Lehner, 1995). Thus, cell cycle progression
is required for the formation of succeeding NBs with
different identities but it is not required for the differ-
entiation of a NB into a neuron. In contrast, in GMCs,
mitosis is not required for cells to change fate. This
independence may not be specific to terminal divisions
since in certain Caenorhabditis elegans cell lineages fate
transformation associated with loss of mitosis can be
induced by mutations in several heterochronic genes
(Ambros, 2000).Similar to the situation in GMCs, cell fate determination in
the bristle lineage depends on differential activation of the N
pathway. Such a differential activation is consecutive to the
asymmetric segregation of Numb during mitosis (Guo et al.,
1996). Surprisingly, the determinant Pros seems to play little,
if any, role during bristle lineage formation (Fichelson and
Gho, 2003; Manning and Doe, 1999) (there is no clear
evidence showing a role for Pros in fate decision during GMC
division). Conversely, Numb has no described role in NB
divisions (Lear et al., 1999) while Pros is essential for proper
daughter cell fate determination (Doe et al., 1991). In
addition, our data indicate that cell cycle and fate determi-
nation are independent events in the bristle lineage, as in
GMCs, whereas these events are coupled in NBs.We propose
that the dependence of cell fate determination on the cell
cycle results from differences in the mechanisms underlying
the asymmetry of NBs versus GMCs or pI cells divisions. In
NBs lineages, cell identity determination depends on the
asymmetric inheritance of cell determinants that have a cell-
autonomous effect, such as Pros. Interestingly, it has been
shown that Pros is relocated to the nucleus after mitosis
(Hirata et al., 1995; Spana and Doe, 1995), linking cell cycle
and fate determination. In contrast, in GMCs and in the bristle
lineage, daughter cell fate acquisition depends mainly on N
signaling. Thus, fate acquisition by daughter cells is related to
cell–cell interactions rather than the cell cycle. In absence of
cell divisions, one then expects that the mother cell (GMC or
pI) acquires the identity of the daughter cell which does not
activate N signaling.
In conclusion, we illustrate at a single cell resolution in the
bristle lineage, a mitosis-independent switch from primary to
secondary precursor identity after down-regulation of Cdc2.
In addition, the degree of activation of the N pathway
determines the identity of the transformed cell. To our
knowledge, this is the first report that primary precursor cells
can acquire a succeeding precursor cell identity without an
intervening mitosis. Since in wild-type conditions Cdc2 is
present but inactive before pI division (unpublished data), we
do not believe that low levels of Cdc2 activity per se is the
factor responsible for this pI to pIIb transformation. Instead,
as the acquisition of pIIb identity occurs regardless of cell
division, we propose that in the bristle lineage cell fate
determination is driven by a mechanism that is independent
from the cell cycle. As such, the delay in cell cycle
progression induced by Cdc2 down-regulation allows pI cells
to change their identity beforemitosis occurs. Our data predict
that a similar pI identity transformation would occur if a delay
in the pI entry intomitosis is induced by different mechanisms
from that used in this study. Conversely, we expect that new pI
cells would arise after precocious pI divisions.Acknowledgments
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